Southampton virus (SV) is a human enteric calicivirus with a positive-sense RNA genome which encodes a protease as part of a large precursor polyprotein. Expression vectors based on pRSET were constructed carrying the entire 3C-like viral protease (3C pro ) sequence together with flanking sequences from a region of the viral genome 3h-distal to the putative helicase-encoding region. Expression from these vectors in E. coli resulted in discrete protein products with smaller than expected molecular sizes. This confirmed that an active viral protease was produced in E. coli and that the protease was capable of cleaving the expressed protein at defined sites. Expressed cleavage products surrounding the protease region of the viral polyprotein were separated by SDS-PAGE, transferred to PVDF membranes and subjected to N-terminal sequence analysis. Cleavage occurred at an EG dipeptide at the N terminus of the putative VPg ( 961 E/GKNKG) and also at the protease/polymerase boundary ( 1280 E/GGDKG). The N terminus of the protease was released from the VPg C terminus at an EA dipeptide in the sequence 1099 E/APPTL. These studies demonstrate that SV enteric calicivirus encodes a 3C-like protease with a specificity similar to the picornaviral 3C protease and that the SV polyprotein is cleaved into at least six mature products.
Introduction
Norwalk-like viruses (NLVs) and Sapporo-like viruses (SLVs) are human enteric caliciviruses belonging to a family of non-enveloped viruses with a positive-polarity RNA genome of approximately 7n5 kb (Clarke & Lambden, 1997 ; . The complete genome sequence has been determined for four human enteric caliciviruses (Dingle et al., 1995 ; Hardy & Estes, 1996 ; Jiang et al., 1993 ; Lambden et al., 1993 ; Liu et al., 1995) : Norwalk virus (NV) and Southampton virus (SV) are NLVs belonging to genetic group I ; Lordsdale virus (LV) is the only member of genetic group II NLVs for which a full sequence is available ; Manchester virus (MV) belongs to the SLV group of caliciviruses with typical morphology and on the basis of genome sequence is assigned to a separate genus. Sequence analyses have indicated that the genome of NLVs is organized into three open reading frames (ORFs). The 5h half of the genome contains a large ORF encoding the non-structural proteins (ORF1) and the 3h region Author for correspondence : Paul Lambden.
Fax j44 1703 774316. e-mail prl1!soton.ac.uk of the genome encodes the viral capsid protein (ORF2) and a small basic protein that, in the case of rabbit haemorrhagic disease virus (RHDV), is a minor structural component of the virion (Wirblich et al., 1996) . The group II viruses contain a smaller ORF1 making their genome slightly smaller than that of the group I viruses (Dingle et al., 1995) . The SLVs are genetically distinct in that the viral capsid gene is fused to and contiguous with the ORF1 non-structural proteins (Liu et al., 1995) . The nucleotide sequence in the 5h region of ORF1 shows significant sequence diversity between genetic groups of enteric caliciviruses although distal to this variable region all viruses show the characteristic motifs of the 2C helicase, 3C cysteine protease and 3D RNA polymerase in the same relative genomic positions (Clarke & Lambden, 1997 ; . The non-structural proteins are initially synthesized as a large polyprotein precursor which is processed co-translationally at specific sites by a viral protease giving rise to a number of smaller precursor and mature proteins.
In the absence of a cell culture system or animal model which supports enteric calicivirus replication, investigation of polyprotein processing has relied on in vitro systems using RNA generated from cloned genomic cDNA. Previous studies showed that translation of viral RNA in rabbit reticulocyte lysate yielded three major translation products (p48, p41, p113) as a result of rapid co-translational cleavage of a 200 kDa precursor polyprotein. Using site-directed mutagenesis these studies also identified the genomic location of the viral protease and the primary cleavage sites leading to release of a protein (p41) corresponding to the putative viral helicase (Liu et al., 1996) . However, prolonged incubation in an in vitro coupled transcription and translation system showed no further processing of the three major translation products. Studies with RHDV showed that the viral protease was also active in E. coli and that expressed fragments containing the 3C protease region of the RHDV polyprotein underwent the same specific proteolytic cleavage as observed in vitro (Wirblich et al., 1995 (Wirblich et al., , 1996 .
In this paper we report additional cleavage sites in the SV primary translation product p113 as determined by expression of an active 3C-like protease in E. coli and direct N-terminal sequencing of the expressed polyprotein fragments.
Methods
PCR and primers. Oligonucleotide primers were synthesized using β-cyanoethylphosphoramidite chemistry on an automated synthesizer (Expedite 8909, PerCeptive Biosystems). The primers used for amplification of fragment II (Fig. 1) were SV3C3DhF (5h CCCGAAAAGG-GATCC$#()TACAATGAGAAGATCAGCTTT$#*) 3h) and SV3C3DhR (5h GGGTTTAAGCTTTTAATGATGATGATGATGATG%'!' CATGATTTGCCTATTTTGAGT%&)' 3h). The forward primer contained a BamHI restriction site and the reverse primer contained a HindIII restriction site to facilitate directional cloning of the amplification products into the expression vector pRSET A (Invitrogen). The reverse primer also contained six histidine codons following the authentic SV sequence (underlined) so that, if necessary, any cleaved expressed products could be purified by adsorption to nickel chelate resin. Additional nucleotides were added to the 5h terminus of each oligonucleotide primer to allow efficient restriction enzyme cleavage of the PCR amplicon for subsequent cloning. Amplifications, using Bio-X-Act DNA polymerase (Bioline) with cloned SV cDNA as template, were performed in a Perkin Elmer 9600 thermal cycler for 30 cycles of : denaturation at 94 mC 15 s ; annealing at 56 mC 15 s ; extension at 72 mC 90 s. PCR amplicons were purified using the Wizard PCR Preps system (Promega).
Construction of expression vectors.
The SV cDNA used in this study was prepared as described previously (Lambden et al., 1993 ; Liu et al., 1996) . The desired constructs for expression of the protease region of the SV polyprotein were obtained by subcloning fragments (Fig. 1 ) of the full-length genomic clone into pRSET cloning vectors (Invitrogen). Fragment II was cloned using the BamHI and HindIII sites introduced by the PCR primers to give vector pSVFrag2. Fragment I was excised from the SV genomic clone by restriction at the unique NsiI and SphI sites and cloned into pRSET to give vector pSVFrag1. Plasmids were transformed into E. coli strain JM101 maintained on Luria broth (LB) containing ampicillin (50 µg\ml) (Sambrook et al., 1989) .
Expression of recombinant proteins.
Cultures were grown at 37 mC in 50 ml LB containing ampicillin (50 µg\ml) until the OD '!! reached 0n3 and were then induced with 1 mM IPTG. Following incubation for a further 1 h in the presence of IPTG, recombinant M13 phage expressing T7 polymerase (M13\T7) was added at a multiplicity of 5 p.f.u. per cell. Cultures were incubated for a further 3 h before collection of cells by centrifugation at 2000 g for 10 min. The pelleted cells were solubilized in sample buffer [125 mM Tris-HCl pH 6n8 containing 4 % (w\v) SDS, 20 % (w\v) glycerol, 10 % (v\v) 2-mercaptoethanol, 10 µg\ml bromophenol blue] and used directly for analysis by SDS-PAGE (Laemmli, 1970) . Proteins were visualized by Human enteric calicivirus protease Human enteric calicivirus protease staining with 0n1% (w\v) PAGE Blue 83, 20 % (v\v) isopropanol, 10 % (v\v) acetic acid for 1 h.
N-terminal sequence analysis.
Following SDS-PAGE analysis, one half of the gel was stained with PAGE Blue, while the other half was used to prepare samples for amino acid sequencing of the N termini of the recombinant proteins. Prior to transfer of the proteins to membranes, the gel was soaked in 10 mM CAPS buffer pH11 for at least 1 h and the PVDF membrane (Amersham) was wetted in methanol. Proteins were transferred to PVDF membranes using a semi-dry blotting apparatus (Bio-Rad, Transblot SD) for 45 min at 500 mA and approximately 28 V. After transfer, proteins were visualized by staining with Amido Black [0n1% (w\v) naphthol Blue Black (Sigma) in 10 % (v\v) methanol, 2 % (v\v) acetic acid] for approximately 1 min and the bands of interest were excised with a scalpel and air dried. The samples were subjected to automated Edman degradation using an Applied Biosystems 477A pulsed liquid phase sequencer.
Results

Construction of expression vectors
The cleavage sites surrounding the putative viral 2C-like helicase have previously been defined by site-directed mutagenesis and shown to be mediated by the viral 3C pro (Liu et al., 1996) . Although further cleavage of the N-terminal p48 protein was not observed evidence from work with RHDV showed that the N-terminal region was further processed by the viral 3C-like protease into two smaller proteins (Wirblich et al., 1996) . In the present study it was not possible to detect further processing of the N-terminal protein p48 from SV. Attempts to express in E. coli a region of the polyprotein extending from the N terminus to a region covering the complete protease were unsuccessful for SV presumably because of vector instability or toxic expression of viral proteins. Expression of the hydrophobic 2B-like p23 and 3A-like p30 proteins of RHDV has been shown to be toxic in E. coli (Wirblich et al., 1996) . In addition, further cleavage of the SV large p113 protein was not observed in reticulocyte lysate despite prolonged incubation. However, the 3C-like protease from RHDV (Wirblich et al., 1995) has been expressed in E. coli and shown to be released from larger precursors by specific proteolytic cleavages at its N and C termini. Therefore, two vectors were constructed (Fig. 1) to express in E. coli fragments of the SV genome flanking the viral protease. The vectors were designed such that the N and C termini of the expressed peptide contained a polyhistidine tract to facilitate purification, where necessary, of the protease cleavage products. However, by pre-selection of the molecular masses of the cleavage products it was possible to obtain peptides of sufficient purity directly from SDS-PAGE gels of whole cell extracts without preliminary purification by nickel chelate adsorption chromatography. Cleavage products (Fig. 2) were separated by SDS-PAGE, transferred to PVDF membranes by electroblotting and regions of the membrane corresponding to the expressed fragments were excised and subjected to N-terminal sequence analysis by automated Edman degradation. 
Cleavage sites within p113
To identify proteolytic cleavage sites within the large precursor protein (p113) derived from the C-terminal half of the viral polyprotein two fragments (fragment I and fragment II) of the SV genome were expressed in E. coli (Fig. 1) . Fragment I was predicted to encode a polypeptide of approximately 53 kDa. However, two proteins were observed with estimated molecular masses of 19 kDa and 22 kDa (bands 3C and 3B respectively Fig. 2 a) . The combined molecular masses of these two proteins were less than predicted suggesting that smaller undetectable cleavage products were also generated. These smaller polypeptides probably represent the N-terminal region of fragment I protein and a peptide derived from the Nterminal region of the RNA polymerase fragment (Fig. 1) . Expression of fragment II gave products corresponding to the 3C protease (19 kDa) and the 30 kDa N-terminal half of the RNA polymerase (bands 3C and 3D respectively, Fig. 2) , which is close to the predicted coding potential of this region of the genome. Lower molecular mass products were not detected using modified SDS-PAGE gels although additional smaller peptides were predicted if complete cleavage of expressed fragments occurred in E. coli. Tentative identification of the expressed proteins suggested that the 19 kDa product was the viral 3C-like protease and the other two products corresponded to the VPg and a fragment of the RNAdependent RNA polymerase. N-terminal amino acid analysis of these fragments produced unambiguous viral sequences CJD B. L. Liu and others B. L. Liu and others corresponding to identifiable regions in the viral polyprotein. The 22 kDa protein contained the unique N-terminal sequence GKNKG and marked the N terminus of the VPg, showing that cleavage occurs at *'"E\GKNKG between a glutamate\glycine dipeptide. The identity of the 19 kDa protein as the viral protease was confirmed by N-terminal sequence analysis which yielded the sequence APPTL. This sequence was identified in the polyprotein and defined the cleavage site between the VPg and the 3C-like protease. However, cleavage at this position ("!**E\APPTL) was between a glutamate\alanine dipeptide rather than an EG dipeptide.
N-terminal sequence analysis of the 30 kDa protein expressed from fragment II confirmed a position in the viral polyprotein predicted to encode the viral RNA-dependent RNA polymerase. The sequence GGDKG defined the N terminus of the RNA polymerase at amino acid 1280 and established that cleavage from the 3C-like protease occurs at E\GGDKG between a glutamate\glycine dipeptide. These results are summarized in Fig. 3 .
Discussion
A characteristic feature of caliciviruses is that the nonstructural proteins are produced by processing of a large precursor polyprotein encoded by a single long ORF at the 5h end of the genome whereas the structural capsid protein is translated from a separate subgenomic mRNA that is homologous with the 3h end of the genome.
Preliminary studies of polyprotein processing in SV have been performed in vitro using a coupled transcriptiontranslation system and a full-length genomic cDNA clone of the virus (Liu et al., 1996) . These early studies showed that the viral polyprotein is translated from one of the three tandem initiator codons at the 5h terminus of the genome and that proteolytic processing occurred co-translationally and was mediated by a single viral protease. The two primary cleavage points were characterized by site-directed mutagenesis and identified as QG dipeptides at the N and C termini of the putative viral 2C helicase. The three primary cleavage products of the SV polyprotein consisted of a 48 kDa N-terminal protein (p48), a 41 kDa protein (p41 2C-like helicase) and a 113 kDa C-terminal protein (p113). However, further processing of the three major products was not observed in the in vitro rabbit reticulocyte lysate system. Since cleavage in vitro appears to be limited to the N and C termini of the putative helicase protein a heterologous in vivo system was employed. The 3C protease of rabbit calicivirus is active when expressed in E. coli and catalyses site-specific proteolytic cleavage (Wirblich et al., 1995) . Based on these studies we also used in vivo expression in E. coli and identified an additional three cleavage sites. Direct sequence analysis of cleavage products was used to establish the N-and C-terminal boundaries of the functional units of the C-terminal half of the polyprotein. The three newly identified cleavage sites in the 113 kDa C-terminal precursor protein predicted a 22 kDa protein which may be an analogue of the picornaviral 3A protein ; a 16 kDa VPg 3B-like protein ; a 19 kDa 3C-like protease and a 57 kDa 3D-like RNAdependent RNA polymerase.
The N terminus of the genome-linked VPg (3B-like protein) was identified as *'#GKNKG and the N terminus of the 3C pro was located at ""!!APPTL. These cleavage sites defined a 3B-like protein with a predicted molecular mass of 16 kDa which is in contrast to the observed molecular mass of 22 kDa on SDS-PAGE gels. The reason for this discrepancy is not clear but presumably reflects the amino acid composition of this protein. Such aberrant mobility on SDS-PAGE has been observed for the RHDV ORF2 protein VP10, which migrates with a lower than predicted molecular mass (Wirblich et al., 1996) . However, the predicted molecular mass of the VPg-like protein is very similar in size to the equivalent 15 kDa proteins of RHDV (Wirblich et al., 1996) and FCV (Herbert et al., 1997) . The calicivirus proteins are considerably larger than the 2 kDa VPg protein of poliovirus and are postulated to play a role in translation initiation in a novel cap-independent manner (Herbert et al., 1997) . The remaining cleavage at "#)"GGDKG defined the C terminus of the 3C pro and the N terminus of the RNA polymerase. The 3C pro is predicted to have a molecular mass of 19 kDa, which is slightly larger than the equivalent RHDV protein (15 kDa) (Wirblich et al., 1996) , whereas the 57 kDa 3D pol of SV is very close in size to the 58 kDa RNAdependent RNA polymerase from RHDV (Lopez Vazquez et al., 1998 ; Wirblich et al., 1996) .
In contrast to the previously identified glutamine residues at position P1 of the putative helicase cleavage sites, the preferred cleavage dipeptides in p113 contained a glutamic acid residue at position P1. The amino acid at the P1h position was either glycine or alanine. Cleavage of the feline calicivirus capsid precursor has also been shown to occur at an E\A dipeptide (Carter et al., 1992 ; Sosnovtsev et al., 1998) . A preference for glutamic acid has been identified in the calicivirus RHDV whereas picornavirus 3C proteases in general favour a glutamine residue at the P1 position (Ryan & Flint, 1997) . Demonstration of both Q\G and E\G or E\A cleavage sites in SV is interesting and may be part of a mechanism to control the rate of production of protein precursors. Our previous studies showed that cleavage at Q\G was very rapid and occurred cotranslationally. However, the cleavage products detected by expression in E. coli were not detected using in vitro systems. The controlled rate of cleavage is important in generating precursors which may have specialized functions in addition to the basic function of the mature processed product. The slow rate of cleavage of the poliovirus 3CD pro precursor is thought to control release of active polymerase whilst the 3CD pro protein is more active at processing the capsid precursor (Ypma-Wong et al., 1988) . In addition, recent studies have shown that the 3CD pro protease, together with host proteins, is involved in binding to the poliovirus 5h genomic terminus and that a 3AB-3CD pro complex interacts with the 3h-terminal sequence of poliovirus RNA (Harris et al., 1994) . By analogy with picornaviruses it is likely that caliciviruses have evolved similar mechanisms for regulating precursor availability as is evident from the rapid cleavage and release of the viral helicase and N-terminal proteins compared with the C-terminal p113.
In the current study it was not possible to demonstrate further processing of the p48 N-terminal protein by the viral 3C-like protease. This region of the genome is possibly analogous to the picornaviral 2AB non-structural protein which in some members of the Picornaviridae exhibits an additional specific protease activity in the 2A component (Ryan & Flint, 1997) . However, the equivalent protein of RHDV undergoes further processing by the viral 3C protease to p16 and p23 both in vitro in rabbit reticulocyte lysate (Wirblich et al., 1996) and in vivo in cultured hepatocytes (Ko$ nig et al., 1998) . It is possible that in NLVs this is a particularly inefficient cleavage and is not detectable in reticulocyte lysate or that the interaction of specific host-cell factors is required for complete cleavage. RHDV is the only calicivirus for which a complete cleavage map is available. RHDV cleavage patterns obtained with cultured hepatocytes are the same as those obtained in vitro using rabbit reticulocyte lysate and are also supported by data obtained by expression of the 3C protease in E. coli. Therefore, it is likely that the cleavage pattern described here will accurately reflect the process in the target enterocyte. An interesting point is that the N-terminal protein shows considerable sequence divergence between the two genetic groups of NLVs which raises the question of whether these regions of the polyprotein have a similar biological activity.
These studies show that the non-structural polyprotein of NLVs is cleaved into at least six mature products and that cleavage of the C-terminal region occurs at E\G or E\A dipeptides. As with picornaviruses it is likely that proteolytic processing of the calicivirus polyprotein will generate a variety of long-lived precursors with alternative enzyme activities or the ability to modify the activity of the mature protein. In the absence of permissive cell lines for cultivation of these fastidious viruses, heterologous in vitro expression systems currently offer the only way to study these complex proteolytic cleavage reactions.
